Perovskites of the RNiO 3 family (R ¼ rare-earth, except for R ¼ La) can be regarded as strongly correlated electronic systems and exhibit a metal-insulator (MI) phase transition at a critical temperature T MI , which is a function of the ionic radius of the rare-earth. 1 For Nd and Pr, the MI transition also correlates well in temperature with both the onset of antiferromagnetic (AF) order of the Ni sublattice and a structural rearrangement. The ideal cubic structure is usually distorted and characterized by a tolerance factor t ¼ d RÀO = ð ffiffi ffi 2 p :d NiÀO Þ, where d NiÀO and d RÀO are the Ni -O and R -O distances, respectively. The decrease of the ionic radius of the R element leads to a more distorted structure, as the NiO 6 octahedra tilt about the [100] axis, and rotate, to fill the voids. The tolerance factor is t ¼ 1 for the ideal structure and decreases with increasing distortion. value with increasing distortion, therefore decreasing the Ni (3d) and the O (2p) orbital overlap, and favoring the insulating behavior. Neutron diffraction data reveal that the magnetic ground state of these compounds can be described by a k ¼ (1/2, 0, 1/2) spin density wave, associated with an AF ordering of the Ni sublattice. 4 While the AF transition temperature T N is coincident with T MI for R ¼ Nd and Pr, for other heavier rare-earth elements T N < T MI . The (1/2, 0, 1/2) propagation vector was initially attributed to an unusual up-up-down-down spin arrangement of the Ni ions, with stacking of ferromagnetic planes coupled antiferromagnetically along the simple cubic [111] direction, due to orbital ordering (OO). 4 However, soft X-ray resonant scattering experiments performed in NdNiO 3 indicated that the magnetic signal was not consistent with the up-up-downdown spin arrangement, and a non collinear magnetic structure with the absence of OO was proposed. 5 Neutron and X-ray diffraction measurements on YNiO 3 showed a change in the crystal structure when the MI phase transition takes place. At high temperature, the structure is orthorhombic, and it undergoes a transition to monoclinic below T MI , with the space group changing from Pbnm to P2 1 /n. 6 This results in two different Ni-O bond lengths, leading to two distinct Ni sites, and the onset of the electronically insulating behavior. Although this picture has been proposed for the whole series, only recently high-resolution synchrotron X-ray powder diffraction results allowed to extend it to the compound with R ¼ Nd. 7 When the electronic localization occurs, a charge disproportionation 2Ni 3þ ! Ni 3þd þ Ni 3-d , and consequently a charge ordered (CO) state, also sets in. 6 The degree of charge disproportionation d seems to be smaller for the lighter lanthanides, with d $ 0.2-0.3, as in the case for R ¼ Nd. 7 The proposition of a CO state is still a matter of controversy. 8, 9 In a recent study with smaller rare-earth ions (R ¼ Eu, Y, Lu), 8 Within this context, it is well established that an external hydrostatic pressure P favors the metallic state in RNiO 3 compounds. 2, 10 Increasing P results in a decrease of the bond lengths and the unit cell volume, driving the atomic parameters toward their ideal values for an undistorted structure. 11 Since increasing P favors the metallic state, such an effect may be understood as a decrease in the distortion of the perovskite due to the Ni-O distance shrinking faster than the R-O. However, a different picture for the P effect on the MI phase transition was proposed within the framework of a polaronic model. 10 According to the latter, rather than acting on t, the effect of P is to increase the vibrational frequency of oxygen, and consequently to reduce the activation energy, leading the system back to its metallic state. 10 One difficulty in probing the unusual properties of NdNiO 3 is that the MI and the AF transitions occur at the same temperature, T MI $ T N $ 200 K. However, in light of these two transitions being decoupled in Eu-doped Nd 1Àx Eu x NiO 3 for x ! 0.25, these materials present a viable opportunity for deconvoluting the effects of the structural and magnetic contributions to the electronic behavior. Here, we describe a study of the Nd 1Àx Eu x NiO 3 , 0 x 0.35, compounds by means of measurements of specific heat C P (T) and electrical resistivity under pressure q(P, T).
Polycrystalline samples of Nd 1Àx Eu x NiO 3 , 0 x 0.35, were prepared from sol-gel precursors, sintered at T $ 1000 C, and under oxygen pressures up to 80 bars. 12, 13 X-ray powder diffraction patterns obtained at room temperature for all samples showed only reflections belonging to the desired phase. The temperature dependence of the lattice parameters, obtained from neutron diffraction data, as well as the X-ray data can be found elsewhere. 14 The electrical resistivity measurements q(P, T) were performed by using a BeCu piston-cylinder cell, with the temperature ranging from 77 up to 350 K. A mixture of light mineral oil (40%) and n-pentane (60%) was used as the pressure-transmitting medium, and the maximum pressure achieved was $10 kbar. The temperature sweep rates were $2 K/min and $0.5 K/min upon cooling and warming, respectively, and the temperature of the sample was determined with a calibrated type-J thermocouple placed inside of the sample chamber. The P at each T was determined from the change in electrical resistance of a manganin wire. 15 As the internal P changes noticeably with temperature, all the results were corrected in order to account for these changes. The P values quoted in the figures are the estimated values at T MI upon warming. Specific heat measurements C P (T) in the T range from 2 to 310 K, upon cooling and warming, were performed with a Physical Property Measurement System (PPMS) from Quantum Design equipped with a superconducting 9 T magnet.
The q(P, T) curves for x ¼ 0 sample, upon cooling and warming, are displayed in Fig. 1 . We first note the occurrence of a large thermal hysteresis DT between cooling and warming cycles in the vicinity of T MI , a feature consistent with the first order character of the MI transition. In the temperature interval DT, both phases (insulating and metallic) coexist. 16 The cooling curves are essentially coincident and insensitive to P, and the q(T) behavior upon warming clearly indicates that the MI phase transition temperature is progressively moving towards lower temperatures with increasing P, favoring the metallic state. DT also decreases with increasing P and such a decrease is related to a gradual change in the character of the MI phase transition from first to second order. 13 This kind of behavior is reminiscent of other ferroelectric perovskites, e.g., BaTiO 3 and PbTiO 3 , which exhibit P induced change in the character of the ferroelectric phase transition. 17 With increasing applied P, a shift of both cooling and warming curves to lower temperatures is observed in the q(P, T) curves for the sample with x ¼ 0.35, as displayed in Fig. 2 . We mention that DT is very small at ambient pressure but it increases appreciably under P, the opposite behavior found in NdNiO 3 . Similarly to the results for NdNiO 3 , applied P favors the metallic state, although in this case both curves are shifted to lower temperatures, as observed in Sm 0.5 Nd 0.5 NiO 3 .
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Increasing Eu content results in an increase in T MI , as displayed in Table I . The T MI values were obtained from the inflection points of the q(T) warming curves and DT 0 , obtained at ambient pressure, decreases with increasing Eu content. In fact, DT 0 is suppressed upon substitution of Eu for Nd being reduced to nearly zero for x ¼ 0.35, further suggesting that a lattice distortion promoted by the Eu substitution drives the MI phase transition from first towards second order. The pressure derivatives dT MI /dP were extracted from the q(P, T) data upon warming for all compositions. The behavior of T MI versus P for all samples was fit by linear regression (see inset of Fig. 2) , and the dT MI /dP versus x data are displayed in Table I . Two different regimes for the Eu dependence of dT MI /dP: (i) for x 0.15, dT MI /dP is nearly constant and $À4.5 K/kbar; (ii) for x > 0.15, the magnitude of dT MI /dP increases with x and it seems to approach a saturation value $À6.2 K/kbar for the x ¼ 0.35 sample. The value obtained for the x ¼ 0 sample ($À4.3 K/kbar) is in excellent agreement with dT MI /dP $À4.2 K/kbar found elsewhere, 18 lending further credence to our results. In light of the first order character of the MI transition, it is important to estimate the change in entropy DS by using the Clausius-Clapeyron equation Table II , and they reflect the expected entropy change due to the abrupt jump in the volume at T MI , independently of its origin. This entropy change can be ascribed to different factors like the electron delocalization and the antiferromagnetic/paramagnetic transition.
The data shown in Table II indicate that DS C decreases progressively with increasing Eu content. On the other hand, this estimate methodology starts to fail when the character of the transition changes from first to second order, as the Clausius-Clapeyron equation is no longer valid. For a second order phase transition, dT MI /dP is related to the specific heat anomaly (DC p ) through the Ehrenfest relation. In this case, Db ¼ -(DC p /V mol T MI )(dT MI /dP), where Db is the change in the volumetric thermal expansion coefficient, and V mol is the molar volume. 19 Values of DS C at the MI transition shown in Table II are consistent with other results from the literature. For example, DS values, determined by differential scanning calorimetry DSC, for NdNiO 3 were DS $ 1.3 and $1.7 J/ mol K, in Refs. 15 and 20, respectively. As pointed out in Refs. 15 and 20, DS at the MI transition is much smaller than the theoretical entropy increase DS M expected for the AF to paramagnetic transition of a spin s ¼ 1/2 ion (DS M ¼ Rln(2 s þ 1) $ 5.8 J/mol K). However, it is worth to note that this entropy change is obtained only when the material undergoes a magnetic transition from a completely ordered state to a disordered one. Usually, the experimental values are reduced by thermal fluctuations, and are frequently lower than the expected upper limit.
The values of DS were also obtained from specific heat measurements. A background contribution to C P (T) has been subtracted from the original curves and the resulting specific heat (C R (T)) is displayed in Fig. 3 was performed by excluding the region close to the phase transition in the warming cycle, and fitting the background data to a smooth base-line. The C R (T) curve for the x ¼ 0 sample displays a very sharp peak at T MI ¼ T N $ 195 K. However, the partial substitution of Nd by Eu results in a separation of the two transitions, as seen in the x ¼ 0.25 sample, which exhibits two peaks: one at T $ 240 K, related to the AF transition, and the other one at T $ 270 K, due to the MI transition. The separation in temperature of the two transitions is even more evident in the x ¼ 0.35 sample, where the two peaks are completely resolved in spite of some broadening in comparison with the x ¼ 0 sample. From the specific heat C R (T) curves, we obtained the experimental DS associated with the MI phase transition. These results are shown in the inset of Fig. 3 and two important features are observed: (i) for Eu concentration x < 0.25, the two transitions (MI and AF) occur simultaneously, DS $ 1.4 J/mol K for the x ¼ 0, increasing slightly with x, and the change of DS across the transition is sharp; (ii) for x > 0.25, the change of DS across the transition is smoother, and much less pronounced when compared to the x ¼ 0.15 sample.
The entropy change DS M related to the AF transition may be obtained directly in systems where T MI 6 ¼ T N . By inspecting the data displayed in the inset of Fig. 3 , the magnetic entropy change for the sample with x ¼ 0.35 was estimated to be DS M $ 200 mJ/mol K. Again, this is much smaller than the full Rln(2) value of DS M ¼ 5.8 J/mol K but in line with other experimental values, as low as 190 mJ/mol K, and as high as 754 mJ/mol K found in GdNiO 3 and DyNiO 3 , respectively. 21 Therefore, the entropy change at T MI for the x ¼ 0 sample may be attributed mainly to the electronic delocalization, i.e., the magnetic entropy change due to the antiferromagnetic/ paramagnetic transition is quite small.
It is somewhat puzzling that DS M near T N is so small. Within this context, several scenarios need to be considered. First, a small value of DS may be due to a depopulation of the AF states with increasing temperature below T N . However, this argument fails when the temperature dependence of the Ni saturation moment in NdNiO 3 and PrNiO 3 is taken into account. 22 The neutron diffraction data of Ref. 22 indicate that $90% of the saturation moment of the Ni sublattice in NdNiO 3 is already established at $150 K, which is inconsistent with the small entropy change at T N $ 200 K. Another possible reason would be the existence of shortrange order AF correlations in a wide range of temperature, including the temperature range close to T MI . Since the background contribution has been obtained fitting the specific heat data and excluding the region in the vicinity of T MI , the existence of short ranged AF correlations above and below T N is not accounted for in the process. However, the presence of short-range magnetic correlations above T MI has been already observed in NdNiO 3 , 23 lending credence to this possibility. We finally consider the X-ray Absorption Spectroscopy (XAS) measurements performed in RNiO 3 (R ¼ Nd, Pr, Eu, Y) indicating the presence of two different Ni sites coexisting in the metallic state of these nickelates. 23 These two Ni sites, owing different Ni magnetic moments, are responsible for the strange AF arrangement in the insulating phase. In addition to this, recent XAS measurements in YNiO 3 under P have provided clear evidence that the MI transition is bandwidth-driven and not related to a sudden modification in the local geometry of the NiO 6 octahedra. 24 These results corroborate our findings that the magnetic ordering of the Ni ions has little effect on the MI transition and the entropy released at T MI is mainly due to the electronic delocalization.
